The sampling of our visual environment through saccadic eye movements is an essential function of the brain, allowing us to overcome the limits of peripheral vision. Understanding which parts of a scene attract overt visual attention is subject to intense research, and considerable progress has been made in unraveling the underlying cortical mechanisms. In contrast to spatial aspects, however, relatively little is understood about temporal aspects of overt visual sampling. At every fixation, the oculomotor system faces the decision whether to keep exploring different aspects of an object or scene or whether to remain fixated to allow for in-depth cortical processing -a situation that can be understood in terms of an exploration-exploitation dilemma. To improve our understanding of the factors involved in these decisions, we here investigate how the level of visual information, experimentally manipulated by scene context and stimulus ambiguity, changes the sampling behavior preceding the recognition of centrally presented ambiguous and disambiguated objects. Behaviorally, we find that context, although only presented until the first voluntary saccade, biases the perceptual outcome and significantly reduces reaction times. Importantly, we find that increased information about an object significantly alters its visual exploration, as evident through increased fixation durations and reduced saccade amplitudes. These results demonstrate that the initial sampling of an object, preceding its recognition, is subject to change based on the amount of information available in the system: increased evidence for its identity biases the exploration-exploitation strategy towards in-depth analyses.
Introduction
The retinal images transmitted to our brain are only imperfect representations of the external world. In addition to the blind spot, high-accuracy vision is confined to the central 2°of visual angle, dropping off steeply with increasing eccentricity. To compensate for this, we move our eyes at a rate of about 3-5 Hz in every waking moment to foveate objects of interest, which are then subject to in-depth processing and conscious perception. Because only a subset of visual information can be fixated, the attentional mechanisms, selecting which aspects are processed in detail, strongly impact our everyday visual experience and play an important role in object-and face recognition. Understanding this vital yet typically unconscious selection process is therefore a central aspect of understanding vision. Accordingly, overt visual attention has moved into the center of scientific interest, steadily advancing our understanding of the underlying cortical mechanisms.
Central to research on overt visual attention, a large body of literature investigates which features guide the spatial selection of fixation targets. Here, researchers have mainly focused on two types of processes: bottom-up and top-down. Data from research on bottom-up aspects of attentional selection suggest that lowlevel properties of the stimulus guide the sampling process to visually salient features (Mannan, Ruddock, & Wooding, 1996; Reinagel & Zador, 1999; Krieger et al., 2000; Açik, Bartel, & König, 2014; Frey et al., 2011 , but see Einhäuser & König, 2003 and feature combinations (Koch & Ullman, 1985; Itti & Koch, 2001) . As a more recent development, objects have moved into the focus of attention (Einhäuser, Spain, & Perona, 2008; Nuthmann & Henderson, 2010; Xu et al., 2014) . This line of research suggests that objects, rather than local low-level stimulus properties, constitute the elementary units of attentional selection. Mostly parallel to this, top-down factors were investigated. Here, the data suggest that high-level aspects, such as the current task setting, can guide the selection of fixation targets (Yarbus, 1967; Hayhoe et al., 2003; Tatler, Baddeley, & Vincent, 2006; Torralba et al., 2006 ). Interestingly, high-level effects cannot always be explained based on a reweighing of low-level stimulus features (Betz et al., 2010) , and independently contribute to the selection process (Kollmorgen et al., 2010) . Finally, in addition to investigations of fixated vs non-fixated stimulus positions, the overall spatial distribution of attended regions can be used as a measure of stimulus exploration using measures of entropy (Wilming et al., 2011) or the distribution of saccade amplitudes.
A second but no less important aspect of overt visual attention and visual exploration is temporal rather than spatial. Following the saccade, the eyes remain focused on a small region, exhibiting microsaccades and small drifts only. These largely stabilize retinal input and allow for in-depth, enhanced processing (Rucci et al., 2007; Martinez-Conde, Otero-Millan, & Macknik, 2013) . Although fixation durations can vary considerably, only little is known about the factors and mechanisms that influence how long the eyes remain at a given position. Similar to spatial aspects of overt visual attention, researchers turned to the effects of low-level stimulus properties to investigate whether they exhibit systematic effects on fixation durations. Contrary to spatial aspects, for which a robust statistical dependency was found, a dependency between low-level stimulus features and fixation duration is less clear. Two previous studies report no linear relationship of fixation durations and luminance contrast (Einhäuser & König, 2003; Guo et al., 2006) , whereas in a dataset containing more than 200 subjects (Wilming et al., 2013) , contrast explains about 5% of the fixation duration variance (Wilming, personal communication) . In line with the latter, a more recent study by Onat et al. (2014) reports a small but significant increase in fixation durations with increasing lowlevel feature values. Similar to spatial aspects of fixation selection, however, it remains an open question in how far object semantics contribute to the found effects, as objects typically coincide with feature conspicuity. In addition to these rather limited effects of low-level stimulus properties, high-level visual features, such as faces, reliably lead to prolonged fixations (Guo et al., 2006) , again indicating that changes in fixation durations are not random, but exhibit systematic variation.
Turning to non-visual properties, the effects of different eyemovement-related features were explored. Here, a nonlinear effect was observed between fixation durations and the subsequent saccade amplitude, with fixation durations of 100 ms being followed by comparably larger saccade amplitudes, whereas there was no effect for fixations longer than 200 ms (Unema et al., 2005) . Despite this dependency, however, it should be noted that saccade amplitudes and fixation durations can exhibit differential effects (Mills et al., 2011) , arguing that they rely, at least partly, on separate mechanisms. Furthermore, studies focusing on oculomotor biases have found differences in fixation durations based on the angle between the previous and subsequent saccades (Smith & Henderson, 2009; Smith & Henderson, 2011; Wilming et al., 2013) . Finally, non-visual and higher-level features were shown to lead to robust effects on fixation durations. These include prolonged stimulus durations and memory effects (Unema et al., 2005; Kaspar & König, 2011a; Humphrey & Underwood, 2010) as well as different experimental tasks, which lead to systematic effects on fixation durations (Mills et al., 2011; Einhäuser, Spain, & Perona, 2008) .
To improve our understanding of the factors underlying such spatial and temporal aspects of overt visual selection, we here investigate the subject in light of exploration and exploitation, with the idea that differences in the information about a centrally presented object might alter the overt visual sampling strategy on the object, already in the phase preceding its explicit recognition. To manipulate the information in a given stimulus, we focus on two factors: stimulus ambiguity and scene context. Contextual information, a perceptually powerful cue, can greatly enhance object recognition performance (Palmer, 1975; Bar, 2004; Boyce, Pollatsek, & Rayner, 1989) , disambiguate visual displays (Klink, van Wezel, & van Ee, 2012; Bruner & Minturn, 1955) , and provide prior information on likely object positions (Biederman, Mezzanotte, & Rabinowitz, 1982; Torralba et al., 2006) . Moreover, contextual information can be extracted quickly (Schyns & Oliva, 1994; Bar, 2004; Metzger & Antes, 1983) , potentially based on low-level feature statistics (Oliva & Torralba, 2001) , 1 and might contribute to the initial selection of saccade targets in case of semantic inconsistencies (Underwood & Foulsham, 2006) . Taken together, contextual scenes provide rich information, affecting a variety of recognition-related processes, and can lead to increasingly robust visual performance (Chun, 2000) . Both aspects studied, stimulus ambiguity and scene context, can furthermore be interpreted in terms of varying the information content with respect to the identity of the presented object.
To investigate whether such changes in information content impact the overt visual sampling strategy, we recorded two eye-tracking datasets. Ambiguous or disambiguated objects were presented centrally, either without or with embedding scene context. Importantly, the display of contextual information was based on a gaze-contingent paradigm, allowing us to take the context off the screen during the first saccade of the subject. Excluding the initial fixation from the data rendered the visual stimulation with and without context identical, allowing us to directly compare visual exploration across all conditions in a 2 Â 2 design. Please note that the experimental data for the conditions without context were included in a previous report, focusing on spatial aspects of fixation behavior (Kietzmann, Geuter, & König, 2011 ).
In our current analyses, we mainly focus on the crucial time window preceding the subjects' recognition of the presented object. While drastically reducing the amount of available data, this constraint allowed us to investigate whether different levels of stimulus information, as introduced by stimulus ambiguity and context, alter in the initial sampling behavior leading up to the later explicit recognition (see Methods for details). If not stated otherwise, all analyses reported in the following are based on this short yet highly informative time window of interest. To furthermore exclude potentially confounding factors of memory and prior knowledge, we extended the exclusion criteria to only include data from naïve subjects without any prior exposure to the stimuli. Accordingly, each subject saw only one version of the stimuli, ambiguous or disambiguated, with or without context, and was asked for prior knowledge of the stimulus after each trial. Finally, data until the first saccade (saccade initiation time) were excluded. As dependent variables, we investigated changes in fixation durations and saccade amplitudes, serving as experimental probes to examine changes in the underlying exploration strategy.
On a more general level, this study follows our previous work investigating the interplay of the cortical processes devoted to object recognition and overt visual attention. We have previously shown that initial patterns of eye movements preceding the recognition of ambiguous stimuli were predictive and causally relevant for the later object recognition (Kietzmann, Geuter, & König, 2011) . The current setup now allows us to investigate the reverse, i.e., whether changes in the information content of the recognition system lead to changes in the overt visual sampling strategy. Together with our previous findings, this would argue in favor of a more integrated, bi-directional relationship of attentional selection and recognition.
1 An early extraction of scene context does not necessarily imply that the integration of contextual information in the recognition and overt visual sampling process is equally early (Henderson & Hollingworth, 1999; Ganis & Kutas, 2003) .
Materials and methods
The data presented here were collected in two experimental setups, presenting ambiguous and disambiguated stimuli with (dataset 1) and without (dataset 2) context, yielding a mixed 2 Â 2 design.
Subjects
Forty-six subjects (mean age 23.6, 31 female) were recorded in the scene-context conditions. Seventy-three subjects (mean age 25.6 years, 49 female) contributed to the dataset without scene context. All participants had normal or corrected to normal visual acuity and were informed of their right to withdraw from the experiment at any time. All participants were naïve to the purpose of the study and gave written informed consent to participate. The study conformed to the Declaration of Helsinki and was approved by the Ethics Committee of the University of Osnabrück.
Stimuli
For the contextual conditions, eight sets of stimuli, previously used by Kietzmann, Geuter, and König (2011) , were included.
Each set consisted of one ambiguous stimulus and two disambiguated counterparts (see Fig. 1a for an example; Fig. S1 shows all stimulus sets used). For each ambiguous stimulus, two contextual scenes were created, which were congruent with either one of the two interpretations (see Fig. 1b for example stimuli and scene context; the full set of stimuli is shown in Fig. S3 ). Eight non-ambiguous distractor stimuli with and without context were included in the experiment but not in the analyses (Fig. S5 ).
Apparatus
Subjects were individually tested in a dimly lit eye-tracking laboratory. Stimuli were presented centrally on a 30-inch Apple Cinema Display (Apple Inc., Cupertino, CA, USA) with a native resolution of 2560 Â 1600 px and an average response time of 14 ms. The distance to the screen was 60 cm, leading to an approximate width of 23:8 visual angle for the central stimulus, and a width of 52:4 for the scene context. Eye-tracking data were recorded using an Eyelink II system (SR Research Ltd., Mississauga, Ontario, Canada), using only the eye yielding the smaller validation error after calibration. Eyetracking data were recorded at 500 Hz. No headrest was used. The experimental code was implemented in python. Additionally, two contextual scenes were created, which were congruent with either percept of the ambiguous stimulus (in the upper example, the scene to the left was selected to be congruent with the perception of a ''squirrel'', the scene in the center to be congruent with the ''swan'' interpretation). The right column shows the ambiguous stimulus display after the context information was taken off the screen. Only data recorded during this part of each trial were used in the analyses.
Task and procedure
Each session started with an eye-tracking calibration phase. The experimental trials were started only after an average validation error below 0:3 was reached. If required, the system was re-calibrated during the experiment. Each experimental trial started with a drift-correction, showing a fixation circle in the center of the screen. Once the participant fixated this target, the trial was started by the experimenter showing the experimental stimulus, without the previous fixation cross, in the center of the screen. In conditions without context, only the stimulus was shown and the participants freely explored the display with the task to ''recognize the shown object as fast as possible''. They were asked to press a button as soon as they had recognized the shown object. After this button-press, the trial continued for 4 s before the stimulus was taken off the screen. After the stimulus display, the subjects indicated verbally what they had perceived. Additionally, they indicated via button-press whether they had prior knowledge of the shown stimulus. If prior knowledge was indicated, the corresponding trial was excluded from further analyses. Each participant only saw one version of the ambiguous and disambiguated stimuli, excluding potential memory effects due to the similarity of the different versions of the stimuli.
In conditions with contextual information, the initial drift correction was followed by a stimulus display including the central stimulus plus embedding scene context. Using a gaze-contingent paradigm, however, the contextual scene was taken off the screen during the first voluntary saccade of the subject (Fig. 2) . As a result, the contextual information was only shown briefly, and fixations on the scene context were not possible. The subsequent stimulus display was identical to the conditions without context, allowing for direct comparisons between the two datasets. As before, subjects explored the stimulus and indicated via button-press that they had recognized the shown object. After the button-press, the stimulus remained visible for 4 s to collect eyetracking data following the successful recognition. After each trial, the subjects verbally reported the perceived object and indicated prior knowledge of the stimulus.
In both conditions, with and without context, each subject saw one stimulus of a given set (i.e., either the ambiguous stimulus or one of the two disambiguated versions). Twenty-five percent of the participants saw the disambiguated version A of a given stimulus set, 25% saw version B, and 50% of participants saw the ambiguous stimulus. Additionally, non-ambiguous distractors were included. The order of stimuli and distractors was randomized. In the experiment with context, 50% of the participants saw the ambiguous stimulus with one of the two contextual scenes (50% of the respective subjects saw context version A, 50% saw context B), the remaining 50% were presented with either one of the two disambiguated stimulus versions together with congruent context. In addition to the ambiguous/disambiguated stimulus set, non-ambiguous distractor-stimuli were presented with congruent context. The trial sequence was again randomized. The final paradigm followed a 2 Â 2 design based on contextual information and stimulus ambiguity.
Data preprocessing and analyses
The data analysis was split into ''perceptual effects'' and ''effects on overt visual attention''. For the perceptual effects, we first tested whether the introduction of contextual scene information had an effect on the perceptual outcome of the participants. The verbal reports of the subjects were transcribed, encoded, and statistically tested for the effects of the two contextual versions using a Pearson v 2 test. We furthermore compared the perception of our participants in conditions with and without contextual information. As a second behavioral effect, we investigated whether the contextual information and the ambiguity of the stimulus would have an effect on the reaction times (RT) of the participants. For this, we performed a 2 Â 2 repeated measures ANOVA including ''context'', and ''ambiguity'' as main effects, as well as an interaction term, across stimulus sets. a b c d Fig. 2 . Initial trial time-course. (a) Following the initial fixation (red x) on an drift-correction target (black circle), the stimulus was shown either without or with contextual information ((b), upper and lower row, respectively). During the first voluntary saccade (red arrow in (c)), the contextual information was taken off the screen, rendering the stimulus display identical across all conditions. Only data recorded after this initial saccade was included in the analyses (d). While exploring the shown object, subjects were asked to indicate via button-press once the presented object was recognized (now shown). After the respective button-press, the stimulus remained visible for another 4 s.
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
To analyze effects on overt visual attention, we focused on measures of fixation duration and saccade amplitude. The preprocessing of the eye-tracking data follows Kietzmann, Geuter, and König (2011) . Multiple exclusion criteria were applied to the dataset in order to ensure that only fixations preceding object recognition, recorded from naïve subjects without prior knowledge of the stimuli, were included. Trials in which subjects indicated prior knowledge of the stimulus were excluded, as well as trials in which the reaction times of the subjects were more than two standard deviations away from the distribution mean. Moreover, to exclude experiment-irrelevant fixations, data outside the display and data points with no overlap to any other data were excluded, as well as fixations on the fixation dot prior to stimulus onset. The latter step ensured that only data following the first voluntary saccade were included, rendering the visual display in conditions with and without context identical and therefore directly comparable.
Our analyses focus on the time window following the first voluntary saccade up to the recognition of the shown stimulus in order to investigate changes in the exploration of the object leading up to its initial recognition. For the time point of recognition, the latency of the subjects' button-press in each trial marks an upper limit, as it also includes motor preparation and execution. To exclude these response-related parts of the data, we computed the subject-individual minimum reaction time (RT) across all trials and subtracted it from the recorded button-press in each trial. Only fixations starting prior to this corrected recognition-latency were used in subsequent analyses. Overall, about 84% of all fixations recorded were removed from further analyses (in relation to the complete dataset, 12.12% were excluded due to participants' prior knowledge, 22.99% due to overly long trials, 1.52% due to experiment-irrelevant fixations, 57.78% of data were recorded after the button-press, indicating successful recognition, and therefore excluded, as well as an additional 9.3% due to the minimum-RT control). These factors limit the available data for each individual subject (at times, only a single fixation for a given stimulus and participant remained in the dataset) and therefore complicate subject-based statistical tests. Additionally, due to differences in prior knowledge across stimulus sets and the overall experimental design, the data of two subjects can potentially be based on entirely different stimuli, thereby further complicating subjectbased analyses. To nevertheless allow for robust statistical analyses, especially in the case of saccade-amplitudes for which more data are required, we performed the main statistical analyses across all experimental stimulus sets. We first computed the average fixation duration (FD) and saccade amplitude (SA) for every subject and stimulus. We then computed the average FD and SA across subjects for every stimulus and performed the subsequent statistical analyses based on these stimulus-based averages. On average, data from about 16 participants with 4.5 fixations each contributed to each stimulus estimate. Identical to the analysis of reaction times, we applied a two-way repeated measures ANOVA including two main effects (context, ambiguity) and an interaction term. Finally, because the model residuals for RT and FD deviated from normality, as indicated by visual inspection of the corresponding QQ-plots, the data were log-transformed. Whenever applicable (FD and RT), we report the results of the corresponding subject-based analyses using a mixed-design ANOVA with ''ambiguity'' as within-and ''context'' as betweensubject variables.
In addition to the analyses described above, we computed a measure of stimulus evidence at each fixation to test whether currently available evidence would affect the fixation durations. Following our previous work (Kietzmann, Geuter, & König, 2011) , we computed a ''difference map'' for each stimulus set based on the spatial distribution of fixation data collected during the subjects' inspection of the two disambiguated stimuli without context.
To obtain these maps, we first computed two fixation-density maps (FDMs), one from the data collected on each disambiguated stimulus, by calculating the 2D histograms of fixations followed by a convolution with a Gaussian Kernel equivalent to 1°of visual angle (FWHM = 42 pixels). Each one of the two FDMs highlights, which aspects of a selected disambiguated stimulus were fixated most heavily during the initial exploration of the object. The final map was computed by taking the difference between the two normalized FDMs. The resulting map highlights stimulus regions that are informative for one or the other possible percept with either positive or negative values whereas uninformative regions will receive values around zero (see Fig. 3 for an example) . To obtain an estimate of the individually collected evidence at a given fixation, we mapped its position onto the difference map and computed the average difference value, weighted by a Gaussian Kernel (FWHM = 1 visual angle) centered on the fixation coordinates. The magnitude of the resulting value defines how much evidence is present at the selected location. To ensure that the definition of the difference map is independent from the analyzed data, only fixations collected on the disambiguated stimuli were used for the difference map, whereas the data recorded on ambiguous stimuli were used to compute the corresponding fixation evidence. Moreover, we again concentrated on fixations preceding recognition to explore fixational behavior during the initial exploration of the object. To test whether the selected fixation durations exhibit systematic effects based on the evidence at a sampled location, we computed a Pearson Skipped Correlation, using the robust correlation toolbox (Pernet, Wilcox, & Rousselet, 2012 ).
Finally, we tested whether the successful recognition of the shown stimulus would affect fixation durations. For every participant, we computed the average duration of all fixations prior, during, and after the button-press in each trial. Following this, we entered the averaged fixation durations for each subject into a repeated-measures ANOVA using fixation-period (pre, during, post) as main effect. This approach was complemented by a temporally more fine-grained analysis in which we re-ordered all data Fig. 3 . Example difference map. A difference map was computed for every stimulus set to indicate regions of high vs low object evidence. To compute the map, the fixation data on the disambiguated stimuli was used to estimate two separate Fixation Density Maps (FDMs). The difference of the two normalized FDMs, an example of which is shown here, highlights regions that are informative with respect to the respective interpretation of the corresponding ambiguous stimulus (in the example, blue regions denote larger evidence for the ''seal'' perception, red shows evidence towards ''donkey''). By mapping individual fixations onto this difference map, it is possible to estimate the amount of information provided at this location. Importantly, the difference map is computed based on data that are independent of the test data. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) with respect to the button-press and applied a moving average (250 ms time window) across all fixations to compute the average fixation duration in the respective time window.
Results

Perceptual effects
We first analyzed whether the introduction of contextual scenes had a general effect on the perceptual outcome of our participants. Overall, 74% of reported percepts were congruent with the context shown, leading to a highly significant effect (p < 0.0001, v 2 ¼ 72:3). Interestingly, this effect was mainly driven by the disambiguated stimuli for which a significant increase in congruent perceptual reports was observed: 80.1% of reports without context were congruent with the intended percept, whereas 96% of reports were congruent with the intended percept when embedded in congruent context (p < 0.01, t(15) = 3.34). For ambiguous stimuli, we tested the perceptual biases induced by the contextual information against the perceptual biases without context. No significant difference was observed (p = 0.78, t(15) = 0.28).
Following this, we compared the effects of context and ambiguity on the (log-transformed) reaction times of our participants (see Fig. 4 ). A 2 Â 2 repeated-measures ANOVA with two main effects (context/no-context and ambiguous/non-ambiguous) and an interaction term revealed a significant effect of context (p < 0.001, F(1, 7) = 42.232), with shorter reaction times for the contextual conditions. The factor of ambiguity and the interaction terms did not reach significance (p = 0.11, F(1, 7) = 3.5 and p = 0.42, F(1, 7) = 0.72, respectively). Overall, reaction times of non-ambiguous stimuli in the context condition were fastest (RT na c ¼ 1:21 s), followed by ambiguous stimuli presented with context (RT a c ¼ 1:57 s), non-ambiguous stimuli without context (RT na nc ¼ 2:02 s), and finally ambiguous stimuli presented without context (RT a nc ¼ 2:59 s). These results are in line with a mixed-design ANOVA performed on subject level, which indicates a significant effect of context (p < 0.001, F(1, 108) = 14.52), and ambiguity (p < 0.01, F(1, 108) = 7.24). Again, no significant interaction was observed (p = 0.26, F(1, 108) = 1.29).
Summing up, contextual information, which was only visible until the initiation of the first saccade and therefore never actively fixated, affected the conscious perception of our participants and lead to a significant decrease in reaction times.
Contextual effects on eye movements
Following the analyses of the perceptual effects, we tested whether the initially presented scene context and stimulus ambiguity lead to changes in the overt visual sampling behavior during the time window preceding object recognition. To investigate effects on attentional sampling strategies, fixation durations are highly informative, as they define how long a stable visual input is available to the visual system at a selected position in space. Changes in fixation duration can therefore illustrate changes in the underlying exploration-exploitation strategy. Fig. 5 summarizes the fixation durations in the four experimental conditions tested. Fixations on ambiguous stimuli presented without context were shortest (FD a nc ¼ 257:51 ms), followed by the corresponding non-ambiguous stimuli (FD na nc ¼ 290:09 ms). Comparably longer fixations were made if they were preceded by contextual scene information, with ambiguous stimuli (FD a c ¼ 314:96 ms) followed by non-ambiguous stimuli, which lead to the longest fixation durations (FD na c ¼ 337:13 ms). Again, all data were recorded in identical stimulus conditions, as only fixations following the offset of contextual information were included in the analyses. To statistically evaluate this pattern of results, we again performed a 2 Â 2 repeated measures ANOVA on the log-transformed data. This revealed significant effects of context (p < 0.001, F(1, 7) = 84.49) and ambiguity (p 6 0.0165, F(1, 7) = 9.84) but no significant interaction (p = 0.6, F(1, 7) = 0.3). The outcome of a subject-based mixed-design ANOVA corroborates these results, indicating a significant effect of context (p < 0.001, F(1, 94) = 14.41) and ambiguity (p < 0.05, F(1, 94) = 5.181), but no interaction effect (p = 0.531, F(1, 94) = 0.431).
Notably, the observed sequence of fixation durations is an exact reversal of the reaction time data. This suggests that shorter reaction times were preceded by longer fixations. To explicitly test for this effect, we computed a Pearson skipped correlation based on the average RT and FD for each stimulus tested (context/no-context, ambiguous/non-ambiguous; the data were pooled because no significant difference in the correlations between any pairwise combination of conditions was observed). This revealed a significant negative relationship (q ¼ À0:390; CI 95% ¼ ½À0:70; À0:01, see Fig. 8a ). Taken together, these results demonstrate that contextual information affects sampling behavior prior to recognition, leading to prolonged fixation durations when increased stimulus information is available.
To allow for a temporally more fine-grained analysis, we analyzed differences in the time taken to initiate the first fixation (exploration initiation, data not included in previous analyses), as well as the data from the first two fixations individually. We found that participants took about 60 ms longer to initiate their first exploratory fixation when context was present, suggesting that the contextual scene is processed peripherally (Fig. 6 ). This was verified by a repeated-measures ANOVA performed on the logtransformed data, which revealed a significant effect of context (p60.001, F(1, 7) = 153.12), but no significant effect of ambiguity (p > 0.05, F(1, 7) = 2.18) and no interaction (p > 0.05, F(1, 7) = 1.62). To analyze the effects of context and ambiguity on the duration of the first two fixations, we performed a repeated measures ANOVA, as before on the log-transformed data. The final model, which included three factors (first/second fixation, context and ambiguity) revealed no significant effect of fixation (p > 0.05, F(1, 7) = 0.12), but a significant effect of context (p < 0.001, F(1, 7) = 138.36) and ambiguity (p < 0.01, F(1, 7) = 25.97). No interaction term reached significance (all p > 0.3, F(1, 7) 6 1). These results indicate that the effects of context and ambiguity were present already in the first two fixations of the trial. Notably, no significant ''context Â fixation'' interaction was found, indicating that the effect of context was equally strong for the first and second fixation. A post hoc t-test revealed a significant effect of context for both fixations individually (p < 0.01, T(7) = 5.01 for fixation 1, and p < 0.05, T(7) = 2.51 for fixation 2). This rules out the possibility that the effect of context is purely driven by a potential startling of our participants in response to the removal of the scene context during the initial saccade. Next we tested whether the level of evidence in favor of either percept provided at individual fixated locations is related to the corresponding fixation duration (see Section 2). For this, we analyzed all fixations collected on ambiguous stimuli in conditions with and without context and tested for a linear relationship between the currently sampled evidence and the fixation duration using a Pearson skipped correlation. This analysis revealed a significant correlation in both datasets (q ¼ 0:24; CI 95% ¼ ½0:1; 0:38 for data preceded by context and q ¼ 0:11; CI 95% ¼ ½0:06; 0:16 for the data without context). This indicates that stimulus positions providing more evidence for the later percept of the ambiguous stimulus were fixated longer.
In addition to our previous focus on fixations preceding object recognition, the current setup allows for the comparison of overt visual behavior before and after successful object recognition. To test for such a difference, we performed a subject-based, paired t-Test, in which we compared fixation durations preceding or following the respective button-press, excluding fixations that were ongoing during the button-press. This analysis revealed a significant effect of fixation period (T(117) = À5.88, p < 0.001), indicating that fixations preceding object recognition (FD prior ¼ 275:16 ms) were shorter than fixations post-recognition (FD post ¼ 308:65 ms). These results were complemented by a temporally more fine-grained sliding-window analysis of fixation durations, including all experimental data available, aligned to the respective button-press of each trial (Fig. 7) . This approach, while avoiding effects of the bus paradox (Ito et al., 2003) , revealed largely constant durations for fixations preceding the respective button-press by more than 1 s, but a strong increase in fixation duration initiated shortly before and overlapping with the button-press. Fixations starting after the button-press exhibited longer durations compared to the period leading up to object recognition, and an increase with trial duration.
Finally, to explore spatial aspects of the initial exploration strategy, we tested whether increased stimulus information would alter the saccade amplitudes of our subjects. We again employed a 2 Â 2 repeated-measures ANOVA on the log-transformed data, which revealed a significant main effect of context (p < 0.05, F(1, 7) = 9.28). Neither the factor of ambiguity nor the interaction term were significant (p = 0.47, F(1, 7) = 0.58 and p = 0.92, F(1, 7) = 0.01, respectively). The saccade amplitudes were largest in cases of least information, i.e., no context and ambiguous stimuli (SA a nc ¼ 5:595 ) followed by no context and disambiguated stimuli (SA na nc ¼ 4:75 ), ambiguous stimuli with preceding context (SA a c ¼ 4:20 ), and finally unambiguous stimuli preceded by contextual information (SA na c ¼ 3:82 ), which provide most information about the presented object. This sequence is again reversed to the fixation durations, indicating that longer fixation durations occurred in cases of smaller saccade amplitudes. This interpretation was corroborated by a negative Pearson skipped correlation (q ¼ À0:50; CI 95% ¼ ½À0:73; À0:25; similar to before, stimulus sets were joined because no significant differences between the individual correlations were observed using a Fisher r-z transformation; Fig. 8b ).
Discussion
Here, we investigated the interplay of overt visual attention and object recognition while subjects explored ambiguous or disambiguated objects, initially presented with or without contextual scene information. Importantly, we focused our analyses on eye movements preceding the recognition of the shown object by discarding all data occurring after the reaction-time corrected report of successful recognition. To our knowledge, this is the first study to explicitly address the impact of stimulus information on temporal and spatial aspects of eye movements during this critical period. Moreover, we employed a gaze-contingent paradigm for the display of scene context in order to ensure that the data analyzed were recorded under identical visual conditions. To explore experimental effects on the visual exploration behavior of our participants, we focused on fixation durations, saccade amplitudes, and their interplay.
Behaviorally, we observed a significant effect of context on the recognition of the presented stimuli, together with strongly reduced reaction times. Contrary to the shortened reaction times, however, we find significantly longer fixation durations following initially presented contextual information, as well as on disambiguated compared to ambiguous stimuli. These results were corroborated by a significant negative correlation between reaction time and fixation duration. In addition to an increase in fixation durations, we furthermore observed decreasing saccade amplitudes during the exploration of the object when initially presented with contextual information. This pattern of results allows for the interpretation that increased evidence about the currently observed object leads to a significant change in the exploration-exploitation behavior of our participants on said object, before the object is explicitly recognized. In particular, we observed a shift from more exploratory eye movements (shorter fixation durations, larger saccades) towards more exploitative, in-depth processing in cases of reduced uncertainty. Importantly, this effect was also observed on the level of single fixations, for which the directly available stimulus evidence showed a positive relationship with fixation durations. The current results are in accordance with the view that shorter fixation durations contribute to the generation of first hypotheses, whereas longer fixations support hypothesis verification.
Directly related to this, and in line with the currently observed longer fixation durations towards the end of each trial, a temporal sequence from ''quick-and-dirty'' to ''vision with scrutiny'' mechanisms has been previously suggested. Dating back to early reports by Buswell (1935) , multiple labs reported increasing fixation durations and decreasing saccade amplitudes from initial to late viewing of natural scenes, independently of task settings (Antes, 1974; Mills et al., 2011; Unema et al., 2005; Castelhano, Mack, & Henderson, 2009 ). Based on these observations it was suggested that vision follows two distinct, temporally stable processing stages: from global to local, or ''ambient to focal'' scanning (Pannasch, Helmert, & Roth, 2008; Unema et al., 2005) . According to this view, the initial scanning of a scene is dominated by fast, orienting eye movements, which are only later followed by shorter saccades and longer fixation durations supporting object recognition. The apparent similarity between these effects and the currently observed changes in fixation duration and saccade amplitudes raises the question of whether this ''global to local'' framework is also applicable to the current pattern of results. Some arguments speak against this possibility: For one, we observed that increased information in the stimulus display lead to longer fixation durations and shorter reaction times. In contrast to this, the typically observed longer fixation durations at later time points would predict longer fixation durations to occur in longer trials, i.e., in trials with increased reaction times. Moreover, the current setup investigates the differential effect of information, supplied by (shortly presented) scene context, on the initial exploration of a centrally presented object. The observed differences in fixation duration can therefore not be explained by a default global-local sequence. Finally, the previously observed temporally stable cascade of global to local processing in the order of seconds does not fit our rather early effects preceding recognition. As an alternative, we therefore suggest that the visual system employs a more dynamic change in viewing strategy, which continuously balances exploration and exploitation in direct relation to the current information or hypothesis state of the system. The relation between saccade amplitudes and saccade latencies was addressed previously by Wyman and Steinman (1973) and Kalesnykas and Hallett (1994) who estimated latency-eccentricity functions for an initial saccade away from a fixation cross to a selected target location. In line with the currently observed effects, they reported increased latencies for small saccade amplitudes. While their setup intermixed effects of reaction times and true effects on fixation durations, it is nevertheless interesting to ask whether such effects may contribute to the current set of results. Multiple arguments speak against this possibility. First, we explicitly excluded the initial fixation from our analyses, such that any effects on the latency of the initial saccade, investigated previously, do not contribute to the results observed. Second, the effect reported by Kalesnykas and Hallett (1994) is dependent on the target intensity and color, with much reduced effects for highly visible targets. This speaks in favor of an accumulative perceptual process or perceptual uncertainty in peripheral vision contributing to the effects observed. Contrary to this, the current dataset consists only of voluntary saccades performed on high-contrast stimuli. Third, the effects reported in both studies are most dominant for very small saccades (< 0:5 À 1 visual angle) but constant for saccade amplitudes in the range observed here.
The comparably large changes in fixation durations reported in cases of increased stimulus evidence raise the question for the functional impact of the effect. One intriguing possibility is that longer fixation durations allow the system to benefit from ocular drifts, which emphasize higher spatial frequency content in the stimulus (Kuang et al., 2012) , to enhance the discriminability of fine spatial detail (Rucci et al., 2007; Ahissar et al., 2015; Ahissar & Arieli, 2012) . Although such factors are mainly expected to be of benefit in natural scenes, which exhibit higher power in low spatial frequencies, it is possible that similar effects might also improve the reliable extraction of details from stimuli consisting mainly of high spatial frequencies used here. Furthermore, the longer fixations observed here could indicate a change from largeto small-scale saccades, which can aid the precise positioning of visual information on the retina (Poletti, Listorti, & Rucci, 2010; Ko, Poletti, & Rucci, 2010) . Moreover, it is likely that the current experiment revealed more general exploration strategies employed by the visual system, which are independent of the stimulus set used. We would therefore expect to see similar effects for more natural stimulus sets.
Our data suggests that changes in stimulus evidence can lead to a shifted bias in overt visual exploration-exploitation behavior, or alternatively, a shift from hypothesis generation to verification. This view fares well with previous reports on changing fixation durations. For instance, Moca et al. (2011) showed that prior exposure to a relatively noise-free object lead to longer fixation durations in conditions of increased visual noise, compared to identical conditions in which no prior exposure was provided. Based on the same conditions, they find furthermore that the exploratory behavior of the subjects decreased following exposure to a clear object example. In line with this, previous experiments, including studies from our own lab, demonstrated that repeated presentations of natural images, presumably leading to increased certainty about the shown objects, lead to increased fixation durations (Kaspar & König, 2011a; Humphrey & Underwood, 2010) and reduced exploratory behavior (Kaspar & König, 2011b) . Moreover, as shown in the latter study, the complexity of a scene exhibits a negative relation to fixation durations. That is, scenes of increased complexity, and therefore lower certainty, lead to decreased fixation durations, in line with a shift towards exploratory behavior. These results support earlier results of Andrews and Coppola (1999) , who compared natural scenes to more simple visual patterns and found prolonged fixation durations for the latter. Guo et al. (2006) recorded eye movements on natural scenes, faces, and scrambled faces in the macaque and observed the longest fixations to be made on face stimuli. Although the authors interpret their results in terms of a more detailed analysis required for face processing, the pattern of results can be explained equally well by changes in the underlying exploration strategy, as faces are categorized robustly and rapidly and therefore potentially lead to increased perceptual certainty compared to natural and scrambled stimuli. Complementing the current view, Henderson and Hollingworth, 1999 reported increased fixation durations for semantically informative, i.e., incongruent, objects embedded in scene context. Directly related to this, increased fixation durations were reported on ''interesting'' parts of a stimulus (Onat et al., 2014) . Finally, Henderson and Pierce (2008) provided strong evidence for a direct and immediate control of fixation durations depending on the concurrent visual evidence. While the positive correlation of fixation durations and stimulus evidence in the current dataset is directly in line with these results, the current findings extend these previous studies by suggesting that fixations within a single object can differ based on the evidence provided.
An unexpected finding was the strong increase in fixation durations occurring during the button presses of our subjects. While the effect does not affect the current experimental conclusions, it has the potential to introduce strong biases in estimates of fixation durations, which therefore need to be considered in studies investigating fixation durations across conditions with different amounts of button presses. It is furthermore possible that fixation durations are affected by other decision-and motor-related aspects and that the effect observed here is just one of many cases in which the planning of presumably independent actions exhibits statistically reliable dependencies. Apart from introducing a potential confound, however, the timing and size of the effect opens an interesting avenue for future studies, investigating concurrent movement plans and processes of decision making in relation to overt visual attention.
The current set of results indicates that changes in stimulus information, presumably affecting the cortical processes devoted to object recognition, concurrently affect overt visual sampling behavior. Together with our previous reports of a causal impact of overt visual attention on subsequent object recognition (Kietzmann, Geuter, & König, 2011) , this points towards a bi-directional influence of the two processes of attentional sampling and recognition.
